A series of sheared donor-recipient complex samples were prepared from a competent Bacillus subtilis culture which had been transformed by using 3H, 2H-labeled deoxyribonucleic acid. Measurement of the molecular weights and buoyant densities of these samples led to the following conclusions. (i) The average size of the single-stranded donor segment which is integrated is 2.8 x 106. (ii) These donor segments are not randomly distributed in the recipient genome, but are clustered in groups, each group containing several discrete donor segments.
An understanding of the molecular mechanics responsible for the uptake and integration of bacterial transforming deoxyribonucleic acid (DNA) requires a complete description of the structure of the product of transformation. This product is known to be a complex of donor and recipient DNA (DRC), in which a donor single-strand segment replaces a recipient single-strand segment, is paired to the homologous recipient strand, and is covalently continuous with recipient DNA (3, 10, 12, 16) .
For the Bacillus subtilis system several investigators have estimated the size of the donor moiety of DRC from physical measurements. For instance, Bodmer (2) gave a length value of 1,500 nucleotides, corresponding to a donor segment molecular weight of about 500,000, and Dubnau and Davidoff-Abelson (10) determined a tentative donor segment molecular weight of 750,000. The present report describes an attempt to improve the accuracy of these determinations. Based on more extensive physical measurements, an average molecular weight of 2.8 x 106 is determined for the single-strand donor segment incorporated during B. subtilis transformation. Previous work (9) suggested that donor segments are nonrandomly distributed along the recipient genome. The present report provides support for this model.
MATERIALS AND METHODS
Strains. B. subtilis strain BD204 (hisB2 thy) was used for the preparation of 3H, 2H-labeled transforming DNA. Strain BD170 (trp-2 thr-5) was the recipient strain used for preparation of DRC.
Preparation of competent cells and transforming DNA. Frozen competent cells were prepared as described previously (10) . These cells remain viable for at least a year with no detectable loss in transformability or viable count. The 'H, 'Htransforming DNA was prepared as described previously (10) . The H, 2H-transforming DNA sample was prepared by growing BD204 on medium containing deuterium, deuterated amino acids, and sugars together with 'H-thymine at a specific activity of 5.1 Ci/mmole (10) . It had average singleand double-strand molecular weights of 39 x 10. and 91 x 101, respectively, determined by cosedimentation in alkaline and neutral sucrose gradients with l4C-thymine-labeled coliphage T7 DNA. The buoyant density of this preparation in CsCl was 1.742 to 1.743 g/ml, and its specific activity was 1.75 x 10' counts per min per gg. For use as buoyant density standards, DNA was extracted from BD204 grown on deuterated and on nondeuterated media, containing "4C-thymine.
Transformation and preparation of lysate. A frozen 20-ml sample of competent BD170 was thawed and incubated for 3 min at 37 C with FATE OF TRANSFORMING DNA ml of prewarmed transformation medium and incubated for an additional 35 min. At this time all of the donor DNA in the cells was incorporated into DRC. Samples were taken for plating on suitable selective media. (The culture was found to contain 6.75 x 107 colony-forming units/ml and 3.75 x 105 Trp+ transformants/ml, giving a transforming frequency of 0.56%.) The culture was centrifuged in the cold and washed twice in ice-cold 0.15 M NaCl plus 0.02 M K2HPO4, pH 7.5. The final pellet was resuspended in 9.0 ml of 0.10 M NaCl-0.1 M ethylenediaminetetraacetate (EDTA), pH 6.9. Lysozyme was added to 0.5 mg/ml, and after 20 min of incubation at 37 C lysis was completed by the addition of sodium dodecyl sulfate (SDS) to 0.2% (w/v). Pronase was then added to 0.5 mg/ml, and the lysate was incubated for 2 hr at 48 C. It was not necessary to treat the Pronase to remove nuclease since SDS was present.
Preparation of sheared samples. Shearing of this lysate was accomplished using the micro attachment of a Sorvall Omnimixer. Samples consisting of 1.25 ml of lysate were diluted to 5.0 ml with 0.1 x SSC (0.015 M NaCl, 0.0015 M sodium citrate). The diluted samples were stirred for 20 min at 2 C at various speeds, which were determined by using a Jacquet tachometer. Sample A was not sheared but was otherwise subjected to the same treatments as were the sheared samples. Samples B-G were stirred at 4 x 10', 8 x 10', 14 x 10', 19 x 104, 28 x 10', and 50 x 10' rev/min, respectively. (These values are rounded off to the nearest thousand.) The samples were recovered from the nylon Sorvall buckets and placed in dialysis sacks. Warm air was directed onto these sacks from hair dryers until the samples were concentrated about 20-fold. The samples were then dialyzed against 0.1 x SSC, and the volumes were adjusted to 0.5 ml.
Purification of sheared samples. Samples A through G were then layered on 17.5 ml, 5 to 20% sucrose gradients, containing 10-3 M NaCl and 0.1% SDS. Samples A through E were centrifuged in an SW27 rotor at 19,000 rev/min at 20 C for 17.5 hr. Samples F and G were centrifuged separately for 17 hr at 26,500 rev/min. The tubes were punctured and 0.8-ml fractions collected by dripping from the bottoms. Small samples of each fraction were counted in Triton-toluene (Triton X-100-toluene, 1:2, containing 5 g of 2,5-diphenyloxazole [PPO] per liter of toluene) to determine the sedimentation profiles. Based on these profiles, all but the peak one or two fractions were discarded from each sample. These peak samples were dialyzed against 1 x SSC (0.15 M NaCl, 0.015 M sodium citrate). When portions of these purified samples were sedimented through sucrose gradients, it could be seen by inspection that the original polydispersity was reduced (see Fig. 2 10-1 M EDTA, and water were added to bring the volume to 3.5 ml, containing 10-2 M Tris buffer and 10-i M EDTA. Solid CsCl was then added to bring the refractive index to 1.4015. The samples were overlaid with mineral oil and centrifuged in a Ti5O rotor, at 40,000 rev/min, at 25 C for 65 hr. The tubes were then punctured, and four-drop fractions were dripped onto Whatman GFA filters. The filters were washed twice with ice-cold 5% trichloroacetic acid and twice with cold 95% C2H5OH. They were then placed in scintillation vials and dried, and 5 ml of toluene containing 5 g of PPO per liter was added. The samples were then counted in Beckman LS200B scintillation spectrometers. Determination of molecular weight. To determine the average molecular weights of the sheared samples, samples (0.1 to 0.15 ml) were layered on 5-ml, linear, 5 to 20% (w/v) sucrose gradients containing 10-3 M NaCl and 0.1% SDS. The gradients were centrifuged at 49,000 rev/min at 20 C in an SW50.1 rotor. The gradients were then punctured, and seven-drop fractions were collected into scintillation vials. Each vial received 0.8 ml of water and 10 ml of Triton-toluene counting fluid.
To measure molecular weights from the positions of peaks of radioactivity in the gradients, the samples were always cosedimented with "4C-coliphage T7 DNA and with a sheared sample of "4C-BD204
DNA. The relationship of Burgi and Hershey (5) was used to calculate the molecular weight. The T7 DNA standard was taken to have a molecular weight of 25.3 x 106 (1) . The sheared "4C-BD204 standard DNA was prepared by stirring in a Sorvall Omnimixer at 24 x 10' rev/min for 30 min at 2 C. The molecular weight of this sample was determined by cosedimentation in sucrose gradients with "4C-T7 DNA whole and quarter molecules. The quarter molecules of "4C-T7 DNA were prepared by stirring "4C-T7 DNA for 30 min at 2 C at 8 x 104 rev/min. The measured molecular weight of the sheared T7 DNA, determined by cosedimentation with T7 whole molecules, was 6.51 x 106, which was close to the expected size of T7 quarters, 6 .33 x 106. The quarter molecules were then used to determine the molecular weight of the sheared "4C-BD204 sample, by cosedimentation in sucrose gradients, yielding an average value from two runs of 3.33 x 106. When the sheared "4C-BD204 sample was cosedimented with T7 whole molecules, the average molecular weight calculated from seven independent runs was 3.57 x 106. This indicates that over the range of molecular weights used in this study, the sucrose gradient determinations are internally consistent. T7 whole molecules and the sheared BD204 DNA were both cosedimented with all the sheared DRC samples. The T7 material was used to calculate the molecular weights of all samples except F and G. The molecular weights of these samples were calculated by using the sheared BD204 DNA which was assigned the value 3.57 x 106.
Materials. Methyl-labeled 14C-and 3H-thymine were obtained from the New England Nuclear Corp. 2H-amino acids and sugars were purchased from Merck, Sharpe & Dohme of Canada, Ltd. CsCl was purchased from Harshaw. 
RESULTS
Density displacement. The buoyant density profiles of the seven purified DRC samples, six of which were sheared to varying extents, are presented in Fig. 1 . None of the gradients contain a significant amount of 'H corresponding to the heavy "C density position. This is in accord with previous results indicating that in B. subtilis, as in other bacterial transformation systems, only one donor strand is integrated. The sheared samples have shifted toward the heavy density position, although even sample A, which was not intentionally sheared, displays a slight shift relative to the light 14C density marker. Samples C and D display a bimodal distribution of densities. In both cases the heavier of the two peaks occurs precisely midway between the heavy and light density standards. This is expected since no molecule can have greater than a hybrid density. The molecules which have been sheared below a certain critical size, corresponding to the size of the integrated segment, will possess density distributions which peak at the hybrid density. The remainder of molecules in the population will display a peak density characteristic of their average molecular weight. Bimodality is not detectable in samples A and B, presumably because an insignificant number of molecules have been sheared below the critical size.
In samples E, F, and G bimodality cannot be discerned since the lighter of the twin peaks has shifted virtually to the hybrid position. For molecules of a given molecular weight, the distribution of radioactivity should be skewed toward the light side as pointed out by Shahn and Kozinski (17) . Although this effect is obscured in our gradients by several factors such as the above-mentioned bimodality and by band spreading due to diffusion in the more highly sheared samples, such skewing can be seen in several of the gradients.
The displacement of the peak position of 3H radioactivity in each sample as a fraction of the total separation of the light and heavy "C density standards is given in Table 1 . When bimodal distributions were apparent, the lighter peak positions were used.
Molecular weights of the sheared DRC samples. Figure 2 shows two characteristic sucrose gradient patterns obtained with the sheared DRC samples. In Fig. 2a the sedimentation profile of sample B is shown. The band is fairly broad, and the two fractions indicated by the arrows were pooled as described in Materials and Methods. The pattern obtained when this purified sample was rerun together with l4C-T7 DNA and "C-sheared BD204 DNA is shown in Fig. 2b . The purified sample forms a sharper band than that shown in Figure 2a and also sediments more rapidly. The molecular weights calculated from similar measurements on all the DRC samples are presented in Table 1 . All were calculated by using the T7 DNA standard, except for samples F and G, which were centrifuged longer than the others, causing the T7 DNA to pellet. The BD204 sheared DNA was therefore used to calculate the average molecular weights of these samples.
Calculation of the average size of the donor moiety of DRC. If the donor fragments are randomly distributed in the recipient genome, the density displacement of the donor radioactivity in a DRC sample of given average molecular weight should reflect the average proportional contribution of heavy donor radioactivity. If the density scale goes from 0 (light) to 1.0 (heavy), then the displacement in density This simple picture is altered by the expectation that donor segments are not randomly inserted but will exist in clusters which consist of several discrete donor segments, separated by "spacers" of recipient material (9) . This expectation leads to a more complex predicted curve shape for the plot described above. When M8 is large compared to the cluster size, then Ap = nR1/M., where n is the average number of donor fragments per cluster. When approach the values expected for random insertion, since the probability of including more than one donor segment per molecule will approach zero. From this argument we suggest that the value of Ni, determined from the intercept of the curve in Fig. 3 is probably more reliable than the value determined from the slope, since the effect of correcting for nonrandomness would be to increase the slope of the curve in Fig. 3 so that it traverses the origin, without markedly altering the intercept with Ap = 0.5. Our conclusion then is that the average size of the integrated segment is in the range 2.3 x 106 to 2.8 x 106, with the upper limit being the most probable value. DISCUSSION Comparison with other measurements. The present estimate of the molecular weight of the integrated moiety, 2.8 x 106, is about midway in the range of previous values published for B. subtilis transformation. Bodmer and Ganesan (3) gave a provisional estimate of 5.6 x 10., and Bodmer (2) later reported a size of 4.9 x 105. Both of these measurements were based on density displacement experiments. The latter figure was considered to be an underestimate, since the donor DNA preparation used had a very low cotransfer index for markers which are ordinarily closely linked (4) . Another report (10) gave a value of about 7.5 x 105. This provisional figure was based on a single determination of density displacement and molecular weight, and, as pointed out, considerable uncertainty accompanied all of these measurements.
Bodmer (2) has shown that transforming efficiency is a function of DNA single-strand molecular weight after inactivation by deoxyribonuclease I. This, plus the underestimation of the size of the integrated fragment obtained with a DNA sample which was presumably nicked (3), implies that the size of the inserted donor fragment may be affected by pre-existing nicks in the donor DNA. The data of Bodmer (2) shows that above a single-strand molecular weight of 6 x 10. to 7 x 10. transformation efficiency is at a maximum value. The average single-strand molecular weight of the sample used in the present study was 39 x 106, and therefore pre-existing nicks probably have had only a minor effect on our estimate. Bodmer (2) concluded from his inactivation data that the single-strand molecular weight corresponding to l/e survival was about 3.5 x 10.. This is in fairly close agreement with our estimate of 2.8 x 106 for the integrated segment. These arguments suggest that 2. represents an upper limit for the integration of DNA, regardless of the size of the donor DNA. This limit may be placed by the efficiency of the insertion process and by the fragmentation of donor DNA to yield double-strand fragments (DSF) prior to integration (8, 9) .
In the Haemophilus system, Notani and Goodgal (16) have estimated the size of the integrated region to be about 6 x 106, based on density displacement measurements. They caution, however, that the bands observed in the CsCl gradients were broad, and suggest that a wide size range of donor fragments may be inserted. Investigators of the Pneumococcus transformation system have provided a variety of estimates. Genetic linkage measurements based on varied assumptions have yielded values ranging from 2,000 nucleotides or about 6.6 x 105 daltons (15) to 1.5 x 105 daltons (11) . More direct physical determinations in Pneumococcus (13) have suggested that donor DNA can be integrated in a range of molecular weights from less than 1 x 106 to about 5 x 106. The average value was about 2 x 106.
Implications of the measured size of the integrated fragment. We have shown (8, 9) that in B. subtilis donor DNA is rapidly converted after uptake to double-strand fragments which possess a molecular weight (determined in neutral sucrose gradients) of about 9 x 106. These fragments are generated by doublestrand endonucleolytic cleavage of donor DNA and are located in a superficial cell layer, since they are attacked by pancreatic deoxyribonuclease added to whole transformed cells. Kinetic data (9) has shown that DSF is a physical precursor of DRC, and that about 50% of the radioactivity present in DSF 1 min after the addition of DNA to competent cells is expelled into the culture medium as acid-soluble material (8) . About 32% of the DSF was eventually integrated into the recipient chromosome as DRC. Since an intact single-strand equivalent of DSF would have a molecular weight of about 4 .5 x 106, we might expect that 2 x 0.32 x 4.5 x 106, or 2.88 x 106, would be the average size of the inserted donor moiety. This is in close agreement with the present direct measurement of 2.8 x 106. It has been shown (10; and Dubnau and Cirigliano, manuscript in preparation) that an early form of DRC contains donor and recipient components held in association by noncovalent bonds. The donor moiety of this early complex can be separated by alkaline sucrose and CsCl centrifugation and is found to have an average molecular weight in alkaline sucrose gradients of about 2.6 x 106, with a range of about 106 to 5 x 106.
Our previous results lead to the conclusion that the inserted segments in DRC were not randomly distributed in the recipient chromosome (9). This followed from the fact that a donor molecule of average double-strand molecular weight 90 x 106 could be taken up and integrated with an efficiency of 64% per single donor strand. Thus, it is possible that about 0.64 x 45 x 106, or 28.8 x 106 daltons, might be inserted in one region of the chromosome. However, since donor DNA is converted into DSF prior to integration, this material would be inserted as several discrete segments. The value 28.8 x 106 for the total amount of donor material integrated per region is most probably an overestimate due to two factors. First, there may be more than a single chromosome per competent cell, and the recipient chromosomes may be partially replicated. Secondly, a single molecule of donor DNA, which attaches endwise to the competent cell surface (9) may attach to two different recipient cells (14) . Thus, the donor contribution in a given recipient chromosomal region may be several-fold lower than 29 x 106, consisting of a few discrete integrated segments, each containing 2.8 x 106 daltons of donor DNA. The several integrated units which derive from one donor molecule would then comprise a "cluster." The existence of such clusters is supported by the data shown in Fig. 3 . The curve drawn through points B, C, D, and E does not go through point A, nor does it traverse the origin. As discussed above, this behavior is consistent with the cluster model. The position of point A is too uncertain to allow the precise determination of n, the average number of donor segments per cluster, since Ap for this point is very small (0.063). Nevertheless, the position of this point favors a value of n closer to 2 or 3, rather than the upper limit of 10 described above. This can be seen by drawing lines corresponding to Ap = nM IM., in which n adopts successive integral values from 1 to 10. The individual donor segments of a given cluster may be inserted in the same strand or may be distributed randomly in both strands. In the latter case, markers residing on different DSF molecules will become unlinked with a probability of 50% at the first cell division.
Darlington and Bodmer (6) have analyzed cotransfer data for the linked marker quadruplet aro-2 trp-2 hisB2 tyr-1 in B. subtilis and have concluded that transformation usually occurs segmentally and not in a series of short pieces. These four markers, however, probably encompass about 10 cistrons, corresponding to an average double-strand molecular weight of roughly 6 x 10, or somewhat less than a single DSF molecule. Thus, the segmental insertion of these four markers probably corresponds to the integration of only one donor segment of a cluster.
